



 Ion intercalated graphite compounds have frequently been investigated as battery 
electrodes, but have not yet received much attention for development of aqueous battery 
electrodes, another prominent topic in recent battery research, motivating an interest in 
demonstrating graphite intercalation in a near-neutral pH aqueous ammonium sulfate electrolyte. 
Agreement between electrochemical data and previous graphite intercalation studies suggested 
that intercalation proceeded at a potential around 1.9 V vs Ag/AgCl, though water splitting 
prevented quantitative determination of the magnitude of charge transfer. XRD coupled to 
electrochemical intercalation revealed expansion of the interlayer space of the graphite and 
intercalation up to stage 2. Intercalant gallery height was calculated to be around 4.2 Å and the 
intercalant was identified as bisulfate from agreement with past studies. Raman spectroscopy 
revealed that intercalation involves damage to the graphite lattice, based upon the appearance of 
the D-band during intercalation, indicating sp2 carbon of the graphite is being converted to sp3 
carbon. Broadening of the carbon 1s peak in XPS likewise suggested that intercalation involves 
oxidation of the graphite.  
 
Thesis 
 Recently, researchers have been interested in developing batteries with aqueous 
electrolytes, especially for large scale energy storage1-3. On such scales, implementation of 
aqueous batteries would reduce cost due in production and implementation of these batteries1-3. 
However, developing suitable electrodes and electrolytes for these batteries has remained 
problematic due to the reactivity of many common electrode materials with water and the low 
electrochemical stablility of water (electrolysis occurs at 1.23 V), has resulted in poor battery 
performance and rapid degradation4. As such, researchers have actively searched to develop new 
electrodes and electrolyte systems for these batteries. Certain metal oxides have shown promise 
as potential aqueous battery electrode materials.5,6 Alternatively, recently “water-in-salt” 
electrolytes have been investigated, which use extremely concentrated aqueous salt solutions, up 
to 20 M in concentration, in order to suppress processes detrimental to battery performance by 
forcing ions to be incompletely solvated.4,7 
A common battery electrode system8,9 that has not yet received much attention as a 
battery material for a neutral pH aqueous battery is the class of compound known as graphite 
intercalation compounds (GICs). Most of these compounds are notably unstable in water,10-12 
even the “aqueous” electrolyte GICs, which are intercalated in concentrated (usually greater than 
5 M) oxyacid electrolytes,12-13 the most well known of which is sulfuric acid-graphite. These 
oxyacid intercalation systems present other issues, notably electrolyte toxicity and 
corrosivity.3,14-15  A result of the instability of these GICs in water is that few researchers have 
studied the intercalation of ions into graphite in neutral pH electrolytes in more than trace 
quantities.11 Thus, very little is known about these intercalation systems. 
 In order to investigate the feasibility of intercalating graphite in a low acidity aqueous 
environment, an ammonium sulfate electrolyte (pH 5.8) was chosen. Recently,16 such an 
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electrolyte was used to exfoliate graphite into high quality, thin graphene sheets, which was 
attributed to proceed via anionic intercalation. Additionally, this system has been extensively 
studied using x-ray diffraction17 (XRD) and Raman18 spectroscopy, as sulfuric-acid intercalated 
graphite. Electrochemical techniques, cyclic voltammetry (CV) and chronopotentiometry (CP) 
and in-situ XRD and Raman spectroscopy were used to demonstrate intercalation in a 2 M 
(NH4)2SO4 electrolyte. Electrochemical data are shown in figure 1.  
 
 
Figure 1: Electrochemical data for the intercalation of graphite: a) cyclic voltammogram of 
graphite from 1.4 to 2.15 V vs Ag/AgCl in 2 M (NH4)2SO4 versus Ag/AgCl, and b) 
chronopotentiogram of the same system. The peak position in CV agrees with the typical plateau 
voltage observed in CP. 
 
 The electrochemical behavior of the graphite/ammonium sulfate system was studied 
using CV and CP. Figure 1a gives the cyclic voltammogram for graphite in the ammonium 
sulfate electrolyte (black trace). There is the start of a peak/plateau in the curve around 1.9 vs 
Ag/AgCl, agreeing with the typical potential of the plateau observed in CP, consistently between 
1.85 and 1.95 V vs Ag/AgCl. Conversely, no peak was observed and current density was lower 
in a 2 M ammonium phosphate electrolyte (red trace, figure 1a), which has not been observed to 
intercalate into graphite in these conditions.21 The CP curve is consistent with electrochemical 
data for intercalation in low concentration sulfuric acid19 and other electrolyte systems.20 During 
the intercalation, the applied voltage exceeded the electrochemical window of water, so 
electrolysis of water was observed and contributed to the measure current and voltage. 
Therefore, accurate determination of charge transfer to the graphite was not possible from the 
electrochemical data. In addition, there was no observed deintercalation peak observed in the 
reverse scan (2.0 to 1.4 V vs Ag/AgCl), contrasting what has been observed for fully reversible 
graphite intercalation systems.17,22 Such a result- the lack of the deintercalation peak- has been 
previously reported21 for the ammonium sulfate electrolyte system. 




























From electrochemical data, the intercalation potential in the ammonium sulfate 
electrolyte (1.9 V vs Ag/AgCl) was found to be much higher than intercalation in concentrated 
sulfuric acid (as low as 0.9 V vs Ag/AgCl).17 The difference between these electrolyte systems is 
unsurprising given that concentrated sulfuric acid should be considerably more oxidizing than a 
sulfate solution near a neutral pH.  
 
 
Figure 2: In situ XRD of graphite in 2 M (NH4)2SO4. There is an evident shift in the intercalated 
graphite peak and appearance of new intercalation peaks. Decrease in Si standard peak intensity 
was attributed to attenuation due to increased mass of the graphite film with intercalation. Scan 
times are given on the right of the figure. 
 
 Penetration of intercalants into the interlayer space results in expansion of the material 
along the C-axis, which can be identified using XRD. Shown in figure 2 is a series of XRD 
spectra for graphite, collected in-situ during the intercalation. Initially there is only one graphite 
peak at 2ϴ = 26.6°, corresponding to the 002 set of planes and an interlayer separation of 3.35 Å. 
Within 10 min of beginning intercalation, a new peak appeared at 2ϴ = 25.8°, denoting the 
formation of high-stage GIC and the start of intercalation. Concurrently, the peak at 26.6° 
decreased in intensity. The new peak, assigned to the 00n set of planes, where n denotes the 
graphite staging, continued to shift to lower angles as the average interlayer distance increased. 
Concurrently, a broad peak with a much lower intensity appeared around 2ϴ = 29-30° after scan 
3, corresponding to higher order diffraction from the high stage graphite, and is characteristic of 













graphite intercalation.23-24 Using these peaks, the staging of this materials was determined from 







From equation 1, it was determined that the peak at 2ϴ = 25.4° corresponded to stage 5 
intercalated graphite, with an average interlayer distance of 3.51 Å. The peak position agreed 
well with that reported for stage 5 sulfuric acid-graphite.17 Several other peaks appeared at 24.4° 
and 23.6°, which were assigned to be diffraction from 002 and 003 sets of planes, based on the 
reported interlayer separations for sulfuric acid-graphite.17  
Interestingly, the high-stage 00n peak was observed to shift to higher angles (higher 
stage) upon appearance of the 003 peak after scan 5. We attribute that to intercalation into stage 
6 graphite, splitting it into stage 3 compounds, with the remaining material displaying more n>6 
character. Concurrently with the appearance of the 003 GIC peak, there is a decrease in intensity 
of the Si standard peak, with considerable graphite expansion leading to signal attenuation. 
Formation of this stage 3 graphite from stage 6 could explain why no stage 4 was observed. 
Alternatively, this stage may only be transiently present and was thus not observed in XRD 
scans.25 
 
Table 1: Staging present in figure 2 
Stage number (n) 2ϴ di (Å) 
5+ 25.4 4.14 
3 24.4 4.23 
2 23.6 4.17 
 
 During intercalation, stage 2, 3 and 5 intercalated graphite were observed. The gallery 
height of the sulfate-intercalated graphite was found to be 4.2 Å (table 1). From the agreement 
between the presented XRD data and that reported for sulfuric acid-graphite,17 we believe the 
primary intercalant is bisulfate, the species attributed to intercalation in sulfuric acid. Of note, the 
gallery height for the produced GIC was much smaller than has been predicted for intercalation 
of sulfate into non-oxidized graphite,26 confirming that the graphite was charged due to oxidative 
intercalation. However, in the chosen electrolyte, bisulfate concentrations are rather low, around 
10-4 M (pH ~6). Local oxidation of water to oxygen gas on the graphite electrode likely 
increased the bisulfate concentration at the surface relative to the bulk concentration, thereby 
making intercalation feasible in this electrolyte. More precise techniques for studying the local 
chemical environment around the graphite could better clarify the mechanism by which 
intercalation proceeds. 
 Remarkably, the intercalation up to a stage 2 was observed in this near-neutral pH 
electrolyte, in stark contrast to what has previously been reported for sulfate-based GICs.19,27 
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Instead, a large current of~400-600 μA/mg graphite was used to oxidize the material. As a result, 
the material is inherently unstable, with such conditions actively driving irreversible oxidation 
and exfoliation.28,29 Spontaneous deintercalation was observed to occur with no applied potential, 
especially in the high stage (n>5) material. 
 Intercalation experiments in low concentration sulfuric acid have been shown to result in 
damage to the graphite lattice due to the high voltage required to drive the intercalation.18 This 
damage was investigated using in situ Raman spectroscopy and XPS. 
In the Raman data (figure 3), a broad shoulder appeared on the G-band, centered at 1611 
cm-1. This shoulder confirms intercalation with an acceptor type material.17,30 Its position 
approximately corresponded to that of stage 3 graphite,17 and a mixture of stages were likely 
present in the graphite given the large width of the shoulder. This would also agree with the 
XRD data (figure 2). 
Before intercalation, the only Raman peak present was the G-band at 1583 cm-1. During 
intercalation, a broad D-band appeared at 1360 cm-1 (figure 3), indicating change from sp2 to sp3 
carbon due to oxidative damage to the material.17 Additionally, the shoulder on the G-band 
started to disappear within 20 min without an applied potential, further suggesting that the 
synthesized intercalation compound is unstable and that deintercalation occurs spontaneously.  
 
 
Figure 3: In situ Raman for the intercalation of graphite (left). The appearance of the shoulder in 
the G-band at 1611 cm-1 (inset, right) is indicative of intercalation.17 Appearance of the D-band 
at 1360 cm-1 during intercalation indicates lattice damage. 
To further study the graphite damage during intercalation, XPS was used. Given in figure 


































peak was considerably broadened following intercalation and displays asymmetric tailing to 
higher binding energies. These changes are consistent with lattice damage and defects,31,32 and 
are likely indicative of the formation of sp3 carbon defects and carbon oxide species.33-35 Thus, 
XPS data, in agreement with Raman data, reveals that the intercalation process, unsurprisingly, 
results in degradation of the material. Possible species present in these samples are given in the 
plots in figure 4 based on peak fitting to the data. Specifically, the peak centered at 284.6 eV was 
attributed to graphitic carbon (sp2) in both spectra. A peak present at 284.9 eV in the film before 
intercalation and a portion of the peak at 286.4 eV were attributed to atmospheric carbons, 
aliphatic and carbonyl, respectively.32 The remainder of the 286.4 eV peak and the other peaks 
(288.7 and 291.1 eV) were due assigned to fluorinated carbons of the PVDF.36 In the intercalated 
sample, a prominent peak was present at 285.0 eV, corresponding to the sp3 carbon and hydroxyl 
carbons,32 with some contribution from aliphatic carbons. Fluorinated carbon signals in this 













Figure 4: XPS spectra of a graphite film a) before and b) after intercalation. Peak fitting was 
used to identify possible carbon species: graphite (blue), aliphatic and sp3 carbon (orange), 
carbonyl (magenta), and fluorinated carbon (PVDF, green and gray).  
 
 In summary, the intercalation of the graphite up to a stage 2 in a near neutral pH 
electrolyte was demonstrated, in contrast to what has previously been suggested for this 
system.19,27 However, we believe intercalation required application of extreme potentials to 
oxidize the graphite for intercalation, as the low acid environment itself was considerably less 
oxidizing, resulting in formation of sp3 carbon defects and likely graphite oxide species. 
Evidence for this lattice damage was revealed from the appearance of the D- peak in the Raman 
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following intercalation. The material was observed to not remain intercalated without an applied 
potential, so staging in the graphite was not observed ex-situ. These results suggest that 
formation of a stable GIC in aqueous ammonium sulfate would be difficult. To overcome these 
difficulties, a different anion may more favorably intercalate into graphite from an aqueous 
solution, and therefore be a more practical electrolyte system. The intercalation voltage would 
likely be lowered by the interactions between the anion and graphite lattice, preventing water 




Graphite electrodes were prepared using a slurry of graphite flakes (Sigma Aldrich, mesh 
size 100) and poly(vinylidene fluoride) (PVDF, Aldrich) in a 90:10 (m/m) ratio in NMP (semi 
grade, VWR) at a concentration of 20 mg graphite/mL. The slurry was cast onto a Pt substrate 
and annealed for 2 hours at 165 °C. Typical films were 1 cm2 in area. Intercalation was driven 
electrochemically, using 2 M (NH4)2SO4 (Acros Organic, 99.9995% by metals basis) in DI water 
(>18.20 MΩ cm) for the electrolyte. For comparison with CV, 2 M (NH4)H2PO4 (Aldrich, 97%) 
in DI water electrolyte was also used. 
A Biologic SP-300 potentiostat was used for the electrochemistry. Ex situ experiments 
were done under N2 in a three electrode cell with a Pt counter and Ag/AgCl reference electrode. 
In situ experiments were done in air in a homemade, 2-electrode cell with a Pt counter electrode. 
In CV, voltage was swept from 1.40 to 2.15 V vs Ag/AgCl at a scan rate of 66 μV/s. For CP, a 
current of 3 mA was applied for up to an hour. XRD used a Rigaku Multiflex Powder XRD 
spectrometer (Cu Kα source). Scans were from 2ϴ = 20 to 35° at 2°/min. Si standard was added 
to the graphite (before casting) for XRD. Raman used a Renishaw inVia Raman microscope with 
a 633 nm source. Scans were from 1200 to 3000 cm-1 (5 min collection time). XPS used a Kratos 
Axis Ultra DLD X-ray Photoelectron Spectrometer. 
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